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Abstract 

Aa elwaical pro^ltion ayatau wara aeliiavi^ 
thair uttiaata c^abUity far yiaMtai^ aapUra- 
tiae. ayM* Kiattiata wara dawlaplag aalar atae- 
trie prapulaion aa tk* proyaiaioa ayataa naad far 
fatare aiaaiana. This paper praviAaa a caapa^*' 
tiae review af tke prtaciplaa of ion thraatar aak 
ctiaaical roekat aparatieoa and diaewaaca ttw ear- 
rent atataa af the 30-ca awceaty ian thraatar de- 
veti^aanc and the apaeifieatiaoa iapoaed an the 
30-cn thruatcr by the Solar Eiectrie Propolaiao 
Syatea propraa* The 30-ca tbruatar ^ratim 
ra^Ct tffieiency, wear out li£atiae> aod iatar- 
faee requireaeata are deaeribed. Finally, the 
areas of 30-ca tbruatar tachnalc^y that reaain to 
be refined are dxKuaaed. 

Introduction 

Data recently obtained froa the Veyx^er I 
and II itiaaions produced a aubatantial aaount of 
new infomation and led to new underatanding of 
Jupiter and the self-contained "solar syaten" it 
fonas with its sK>ona< tteae aisaiont were per- 
fonaed with eheaicel propulsion tysteas and were 
representative of the ultiaate capability for 
planetary eaploration that it achievable using 
conventional, proven techoology. Future aiaaiona 
will becoae sK»re eatensive and difficult to ac- 
coaplish with cheaical propulsion alone. In ehear- 
ically propelled vehicles, all of the energy re- 
quired for propulsion is stored in the prt^llant 
and must be carried (and launched) on board the 
space vehicle. 

Durii^ the past 20 years, space scientists 
haw assessed the eapanded capabilities that are 
available wImo solar energy is used for propulsion 
of space vehicles. The approach that appears oust 
proaiaing at this tiae is referred to aa solar 
electric propulsion and involves photovoltaic con- 
version to solar energy (solar cells) to produce 
electric power and aubsequent conversion of elec- 
tric power to produce thrust (ion thrusters). The 
key technologies which font the basis for a solar 
electric propulsion systea (SEFS) are therefore 
solar cells and ion thrusters. In order to in- 
crease the propulsion capability over that of a 
cheaical systea, the total energy aod thiust con- 
version capability (total iapylsc) of the SEFS 
aust esceed that of the cheaical systea (per unit 
of BMss). This requireMnt dictates low asts, 
high power solar arrays and high specific lapulse, 
high efficiency conversion of electrical power to 
thrust. 
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U M«t the pr^lsioB raquiiaBsnts fkat l«m 
been projected for future aisaiona, the MAS4 Of- 
fice of Aeronautics and Space Technol^ {OtSt) 
hag ^Bsoted a technology ptogrM et tha Lewie 
Keaearcb Center (L^C) for davel^went of aa ion 
thruater to provide prisie propolsion in a SEfS« 

In Support ot this technology ptogrM, Hc^hes Air- 
craft CoBpany has participated in the devel^nw^, 
fabricatioRi and teatiiqi of SO-cw siercuty ion 
thniitera u^er contract to NASA's L<AC. The 
latest version of this thruster ie known aa the 
J-aeries thruster. Cur»nt developaent is coacen- 
tratii^ on verification of design aodificatioas 
chat have been incorporated in the J-series to 
eliainate real and potential design deficiencies 
that were uncovered in testing of the previoua 
series thruster designs. 

This paper presents e general coaqparitM be- 
tween chasiical end electrical propulaion. Also 
presented is a brief description of the prineiplea 
of operation of an ion thruster and discusaas re- 
cent progreaa and status of the development of the 
30-cts diaiaeter mercury ion thruster that haa been 
developed for conversion of electric power to 
thrust. 

background 

Cheaicsl Kockets 

To date wan hat relied on eheaicel rockets to 
enable hie to explore space. A cheaical rocket 
gets the energy it needs to perfona a eistion froa 
the energy bound in the a»lecules of the propel- 
lants (fuel and exiditer) which is aubaequently 
releaaed upon coadmation of the propellants. A 
eheaicat rocket is co^rited of a eoM>uation ehw 
ber, one or wore storage tanks for the propel- 
lants, and a supply systea for feeding the propel- 
lants to the coabustion chafer aa shown in fig- 
ure 1. 

The propellants are injected at high pressure 
into the coabustion chamber, where they are atoa- 
iaed, aixed, and burned. Hot gases under high 
pressure sr« produced from burning of the propel- 
lants (fig, 2(a)). Theta gases except equal pres- 
sure in all directions jn the walla of the cna^icr 
(fig. 2(b)), but in the racket thete gases are 
allowed to escape through a nosxie. Froa Newton's 
laws (force • aaas tiaea acceleration, i.e. , 
action • reaction) we get a reaction force (re- 
ferred to as thrust) that propels the rocket for- 
ward (aee fig. 2(c)). Total iapulae (thrust x 
tiM ■ total impulse) and specific impulse (total 
ii^ulae * propellant mats ■ specific inpulse) are 
atandard acaauret ter comparing a rocket's per- 
fomanee. These terns will b« used for comparing 
cheaical and ion propulsion. 
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8oUr ilwtric PtoBMUtaa 

In • solar oloetrie ^rofiwtsien sy^tM 
ciM •iMt|y n^ttir«4 to pr«4oe« ttM propoltiv* 
forec, or tHrost, is prooidod by tlio tun. Solar 
enorty ia convortod into dioetrical onorgy by pbo- 
tovoltoie aotar dolt a and oldotrieol onorgyt la 
con^rtad into rbmat ^ tho ion tbruator. In an 
ion thruster the propellant ia ioniaed in a dia~ 
chai^ chaaNr (^nniag-type diMhatge) end the 
iMi are then aeeetorated eloctroatatically, and 
eapelled (roo the thruatcr at high Mlocity (ace 
(ig. 3). Eleetrona are injected into the thrust 
bean to Maintain ^ce charge neutrality. Aa vill 
be diacttsaed later, the choice of propellant de- 
pends on seueral ayatOM pamtetere but ia general, 
it can be stated that Materials with high atOMic 
Mass provide the beat systcM perfotaance. There- 
fore, Most ion thruster de*el<^aent has been con- 
centrated on operation with Mercury as the propel- 
lant. Conaedusnt ly, the propellant is stored as a 
liguid, and Must b# vaporised before ionisation. 
Electrical ii^uta for v^orisation and ionisation 
do not contribute the production of thrust and 
therefore are the prineipial ineflicietKics of the 
ion thruster. The eahaust velocity of the ions is 
a design variable baaed on the seceleretii^ volt- 
ages ^ and V* ( thoun in fig. 3) and there- 
fore epccific inpulsee in the 2000- to SuOO-eecond 
rai^e are readily available etch the seme generic 
thruster design. The construction details of an 
ion thruster ere shown in figure 


The specific iapulse inerted ^ a rochet ia ftvdn 
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Co«>arisnn 

A chcMicat rochet dcvelt^a a la^e thrust 
(needed to lift a psylosd off tt^ ground) with 
high pro*|.ellant flow rates and a low effective 
eshauet velocit;^ (vp) for a short tine usii^ 
latye asounts of propellants. On the other side 
of Che spectrutt, an ion thruster develops a low 
thrust (not sufficient for lifting a payloiM off 
the ground, but capable of propelling a payload in 
space) with low propellant flow rates ai^ high 
eahaust velocity for periods up to years usiiui a 
relative smsII soeunt of peepellent. Figure S(a) 
illustrates the differeme in perfonssnee between 
m chsMical rochet and an ion thruster. Figure 
S(b} sukes a eowparison betwean a solar electric 
stage and the Centaur atage. Fron equation (2) we 
know that the total inpulse produce it equal to 
thmat X ti«e. 


Perforsance CoMPsrison 

Equations 

The thrust which propels a vehicle it equal 
to the rate of change of vehicle ecMentun. At 
■entioned previously this thrust is the reaction 
to the action of the propellant flow froe the ve- 
hicle and can be expretted at; 

dv 


where 

T thrust 

instantaneous east of spacecraft 
Vg instantaneous velocity of spacecraft 

■p propellant flow rate trow spacecreft 

Vp exhaust velocity ot the propellants (ion) 

If the thrust produced by a vehicle is constant 
ever a period of tine, the total inpulte is then 
given by: 

T At “ tt V 4t • 1 1 2 ) 

P P t 

where 

At lime interval over which thrust is being pro- 
duced 

I( total inpulse 

*A power procestor ia required to convert the un- 
regulated power from the solar arrays inis the 
currents and voltages (electrical energy) needed 
by the ion thruster, 

^Effective exhaust velocity is equivalent to spe- 
cific impulse: Vp/g - Igp, where g is the ac- 
celeration of gravity. 


The performance value presented in figure 
5(b) are presented go give the reader cn ^iprteia- 
tion for the difference between chemical propul- 
sion and electrical propulsion. The Centaur (used 
as a second stage) delivers a thrust of 133,440 
Newtons (30,000 lb) from two ♦ Oj engines for 
approxisiate ly 440 seconds giving a total impulse 
of 58.7x10^ N-aec { 13.2xlO"lb-aec) . In coaqiarison 
eight ( S) jO-cm ion mercury thrusters each produc- 
ing a thrust of 0.133 K (0.03 lb) for bl7 days 
(5.33x107 tee) will deliver a total impulae of 
5b.9xlQb N-sec (12.8xlob lb- sec). Using equa- 
tion {3), the specific impulse for the Centaur 
atage ia 443,3 seconds, while that for the solar 
electric stage as shown in figure 5(b) would be 
2903 seconds. Prom this comparison of the total 
impulse and specific impulae of the Centaur atage 
and the solar electric stage (fig. 5(b)), it can 
be seen that a large percentage of the energy 
apent in a chemical rocket is for carrying aloi^ 
the weight of propellant. The savings in propel- 
lant weight between a chemical rocket and an ion 
propulsion system would go into additional payload 
capabj lity. 

Ultimately both chemical and electrical pro- 
pulaion will be needed for future misaiona. To 
escape the earth's gravitations! field and put a 
payload into space we need a high thmat (a big 
push) for a short duration. Thus we have the need 
for chemical propulsion. Because of its combina- 
tion of liigh performance and low thmat, electric 
propulsion is ideal for transferring large apace 
delicate structures from low earth orbit to geo- 
synchronous orbit. Electric propulsion is also 
suited for interplanetary travel in the low grav- 
ity field and vacuum of free space, 

30-cm Nertury Ion Thmster Oescription 

The 30”c« mercury ion thruster has been de* 
veloped to provide the low thrust, high specific 



engine needed to satisfy the rc^uircsKnts 
of future planetary and earth orbital *1001000. A 
crooo section of the Sthce thruster is shorn in 
figure 6. The main subasoeablies identified in 
figure b are: 

(1) The discharge chaaber vhere the neutral 
propellant is ionised. 

(2) The *ain vaporisetr-isolator (MV^l) assc*- 
bly where liquid aercury is vaporised and the neu- 
tral Mrcury vapor is conducted froa the propel- 
lant storage syste* potential to the discharge 
ehasdier potential without ionisation (aoxiaua of 
about 1100 V), A sintered porous tungsten plug is 
ea^loyed in the NV-1 as a phase separator between 
the liquid mercury and its vapor. 

(3) Cathode-vaporiser-isolator (CV-I) assea- 
bly where mercury is vaporised, as in the case of 
the HlV, and then supplied to the hollow cathode 
which emits electrones (aided by thernionic emis- 
sion froa a low work function thermionic emitter) 
into a low-voltage discharge. These electrons 
froa the hollow cathode discharge are then used to 
create mercury ions from the vaporised mercury in 
the discharge chamber. 

(A) The magnetic pole pieces and baffle which 
shape the magnetic lines of force generated by the 
axial and radial permanent magnets to form a "mag- 
netic confinement bottle" thrt "contans" the dis- 
charge electrons. This "cortn inraent" forces the 
electrons that are injected from the hollow cath- 
ode discharge into the discharge chamber to travel 
a longer (spiral) path and encounter more colli- 
sions with the propellant gas atoms, thus improv- 
ing the ionisation efficiency. 

(5) An ion extraction system which extracts 
and accelerates the propellant ions from the dis- 
charge chamber to form a collimated ion beam 
(thereby producing thrust). The ion extraction 
system consists ot two grids that have approxi- 
mately 15,000 pairs of matched apertures that are 
accurately positioned to focus the ion trajector- 
ies into parallel "beamlets." The grid adjacent 
to the discharge plasma is commonly referred to as 
the screen grid and operates at the discharge 
chamber potential (approximately I lUO V). The 
grid adjacent to the extracted ion beam is called 
the accelerator grid ana operates at a voltage 
sufficiently negative 1 approximate ly -JOO V) to 
prevent backst reaming of the neutralising elec- 
trons (inje'Tted irto the extaracted ion beam) into 
the acceleration region between the extraction 
system grids. 

(b) Neutraliser Vapori ser" I so lator INV-I) 
where mercury is vaporized and supplied to the 
neuttaliser hollow cathode. The neutraliser hol- 
low cathode generates as tow-voltage discharge 
plasma (aided by thermionic emission from a low 
work function surface) from uhich electrons are 
drawn into Che extracted ion beam co equal, in 
number, the ions leaving the thruster. 

Mission Requirements Effects 
Thruster Versus Impulse 

Planetary exploration, near earth orbit, and 
manned space station missions call tor the devel- 
opment of a high energy propulsion system with a 


aaxiaua of fuel •ffieiancy with a aiaiaal pr^l- 
aion stag* wtight. len thruatart bav* baan atowa 
to be capable ot delivering bigb energy propulsion 
wbita requiring aaall eaouncs of propellent. In 
designing an ion-tbruster propulsion ayatea one 
auat addreaa the need of tbrust vereua high spe- 
cific iapulae (high energy), the thrust produced 
by an ion thruatar can be expreaaed in electrical 
ceiat aa shown below. 

Pro* equation ( 1) , T “ ■p^'p! *p 
pressed in teias of the beea current 

[ip - • (*/e)] 

aad Vp can be expressed in teras of 
accelerating potential 

• '\) 

whe re : 

Jj, beam current (aaperes 

(m/e) mass to chsnge ratio (<w2. 07x10'^ kg/ 
coulomb for mercury) 
net acceleration voltage for beam ions 
(Volta) 

From the above relationships it can be shown that 
the equation for thrust reduce* to 


can be ex- 

(A) 

the net 

(5) 


T • 2.04 V^b (mN) (6) 

From equations (2), (3), and (6), the tpecific 
impulse 


(I 


»P 


Txi3t 


17 ) 


and 


M * m xAt “ J.(m/e)2kt (*) 

p p b 

Using the v.> 1st lonships above and equations i4) 
and (5) we can derive at Che following; 



♦ g (9) 

- ^ 

UO) 

• lUO (seconds) 

(11} 


The typical 30-cm mercury ion chruater operating 
profile IS shown in figure 7. From the above de- 
viations the specific impulse is a function only 
of screen voltage (since Vj, - ♦ 

'^discharge ' '^neutraliser '^discharge 

and are negligible when compared 

to thrust it a function of both 

beam current and screen voltage. Using equations 
(b) and (II) and referring to figure 7, it can be 
seen that throttling a thruster near Che top of 
the operating profile will provide a high specific 
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inpulte at th« ciipciu* of thrust, lut aoving 
•loi« a eonatant power line (indiGatc4 by wattage) 
to a throttle point in the lower half of the enva~ 
lope will increase the thrust at the aapenae of 
specific iapulsa. Mission considerations wil I 
dateraiiae the aost favorable region within the 
operating profile of figure 7 for operation of the 
thruster. Also, the throttle point at which the 
thruster i>< operated will deteraine the power re- 
guireaants (see fig. 7} and thereby it iapaeta the 
power systea weight. 

Propellant 

The propellant weight and the storage tanka 
to hold the propellant should both be ainiaited itt 
order to increase payload capability. The speci- 
fic iapulse (eahaust velocity) (has been shown to 
be a function of the pr^ellant aass (aq. (7)). 

Figure S illustrates the relationship between 
specific iapulse and total propellant aass (at 
constant total iapulse). 

Figure 8 shows that increasli^ the specific 
iapulse reduces the total propellant aass. Conse- 
quently, the systea designer would like to operate 
the thrusierse at as high a specific iapulse as 
possible from the standpoint of propellant aass 
requireaent. 

Power Systea Mass 

The power required to produce a given thrust 
(or total iapulse) is given by; 


Since the power systea aass is directly propor- 
tional to the power output required (solar array 
ares ♦ power processing), operation at high speci' 
fic iapulse increases the power systea aass. Fig' 
ure 9 illustrates the effect of specific iapulse 
on Che power systea mass. 

A propulsion systea should be optiaised to 
deliver a aaxiaua payload (or ainiaise propulsion 
systea aass). The two largest contributions to 
the aass of an lon propylsion systea are the pro- 
pellant aass (incluiding the aass oi the tankage) 
and power system aass. Figure 10 illustrates how 
consideration of the propellant aass and power 
systems aass should be employed to optimise the 
propulsion system mass and determine tlie optimum 
specific impulse. 

Unique Requireaents on Thruster Hardware 
Me a rout Mechanisas 


dischsiye chni^r by ion sputtering (psrticuisrly 
the ion estrection syetea screen grid. 

(2) Spelling of depotited ■aterial that it 
generated by ion sputtering. This produces 
"flakes'* of conductive eetcriel that can bridge 
insulators or gaps between thruster eleawnte that 
operate at different potentials, there^ short- 
circuiting the power simply. 

(3) Failure to obtain ignition of thrustar 
discharge or neutraliser hollow cathodaa bacauae 
of dapletion of low work function naterial or 
heater failure. 

(4) Degradation of inaulators that have to 
withstand the high voUrge required for accelera- 
tion of bean tone (becauaa of deposition of Metal- 
lic coatinga of operation at elevated teaperatutea 
that results in iapurities "activating" the insu- 
lator Material). 

Designs Against Wcarout MechanisMS 

SoMe basic features of the thruster design 
that protect sgsinst these wesrout or failure 
Mechanisas are: 

(1) Opc'acion of the discharge chsaber with 
low discharge voltage to reduce multiple-charged 
ion production and sputtering rates, 

(2) Covering of the portion of the internal 
surface of the discharge ehsabser with low sputter 
yield material such as tantalum (where ion iapact 
is predominant) . 

(3) Covering of portions of the internal sur- 
face of the discharge chamber with wire mesh to 
inhibit spalling of formations of large flakes (in 
locations where there is little or no ion sputter- 
ing) . 

(4) Development of a hollow cathode that op- 
erates St low enough temperatures to reduce loss 
of the barium aluminate impregnant. 

O) Development ot heater design ..id fabrica- 
tion criteria that produce highly reliable heaters. 

(b) Shielding of sensitive cerumic insulatots 
(f ig. 11) to prevent deposition ot conductive 
coatings. 

(7) Development of ceramic insulator materi- 
als and fabrication procedures that can operate 
*or long periods of time at elevated temperatures 
without degradation of the insulating properties. 


Missions currently under consideration lor 
electric propulsion require a usetul propulsion 
systea lifetime of lb,0U0 hours or more. Also, 
during a given mission, an |on thruster must be 
capable of surviving numerous startups and shut- 
downs and be capable of operation at diftereni 
throttle points (fig, 7). In designing a thruster 
to sieet these requirements, special attention has 
been given to satisty conditions tor preventing 
esrly failure ot the thruster because of the domi- 
nant wearout or failure mechanisms,, For 15,000 
hours of operation, the dMsinanC mechanisms that 
could result in thruster failure are: 

(1) Krosion ot the internal suilaees oi the 


Status ot 30-cm Thruster Developaent 

During the last 5 years, NASA-Lewis Research 
Center and Hughes Aircraft Company have been en- 
gaged in completing the developaent ot the iO-ca 
mercury ion thruister and demonic rat ing the readi- 
ness ot ion thruster technology for flight appli- 
cation. Durii^ this period, seven thrusters have 
been fabricated, tested, and modified to obtain 
the current J-seires design. Currently, three new 
thrusters are being produced, which will contain 
the latest designed components. A standardited 
get of test procedures has been used to evaluate 
the seven thrusters and a substantial data case 
has been establish 1 tor comparing thrustet-to- 



thruster chsrscteristicst Rsiults iadicste that 
ths ge«i of 15,000 hour* operating lifotiiM with 
greater than 70 percent overatt thruater etfici- 
cnep have haen Mt. EntfutaiKc testing i* now be- 
ing perfotsad to subatantiate the catrapolatiooa 
that have bean «ade on the basis of a 4000- to 
5000-hour teat. Separate coapoaent test of cath- 
odes have eaceedad 52,000 hours. 

Doo^ntation Sequireaent* 

Oevelopacnt of the 30-ca thruster to achieve 
thruster pertotsance and lifetiae goals, the docu- 
aentation of thruster properties, and the defini- 
tion of interface specifications for incorporating 
ion thruster* into propulsion syatea* has been 
coaiplated. Soae of the properties ot interest 
that have been docuaented are: 

• Particles and fields testing at lewis Research 

Center ha* identified the distribution of 
neutral and ionised particle*. 

• The thruster aagnetic aoaents have been neaa~ 

ured. 

• Thruster to thruster perforaance variations 

have been measured arsd are being analyaed. 

• The simultaneous operation of two and three 

thrusters have occurred at Lewis Research 
Center end -X£0S and the interaction between 
thrusters have been evaluated. 

• Variation of pertormance with time for 4000 to 

5000 hours is negligible. 

• Component testing has shown that the major 

thruater subassemblies meet anti exceed per- 
formance and lifetime requirenwnts. 

Several aspects of thruster fabrication have 
been identified that have to be tightly controlled 
to insure reliability and reproducibility in the 
manufacturing ot thrusters. Principle areas iden- 
t if ied are ; 

(1) Swaged, coaxial heaters 

(2) Porous tungsten vaporisers 

(3' llignmenc ot t on ext ract mn grids 

Areas Requiring Manufacturing Attention 

The fabrication of the 30-cm ion thruster 
have revealed several areas requiring extra ordi- 
nary attention in manufacturing. The most criti- 
cal ot these IS the area ot heaters. Specifica- 
tions (acceptance criteria) lor heater* were pro- 
gressively made more strir^ent as the 30-cm 
thruster has approached flight readiness. The 
yield of heaters in manufacturing has been low. 

Heaters 

To increase the yield ot the heaters requites 
control ot manufacturing techniques that ensures 
heaters with il) uniformly compacted (compaction 
accomplished without damaging the heater element) 
inaulation within .he heater sheath and i.) weld- 
ing of heater element to the outer coaxial stieath 
without excessive melting ot the center heater 
element. ft is imperative that these lieaters have 


High raliabiiity ai^ unifonaity. 

Porous Tungata n Vaporita ra 

Another ana of concarn is tbs porous tung- 
sten used for the veporiier. Although the Mter- 
iei that hea been used haa been aueeeesful, the 
unifonity of the peroua tungeten propertiee be- 
tween different batches requires good control. 
lmprovea«nt* in procass specifications and ra- 
quircMnts with aanufaeturera of this aatarial are 
beii^ continued to obtain reproducsbiy unifens 
material that aabibita the required propertied for 
fabricetii^ veporiacra. 

0ther_Areai| 

Other ereee of technology that require con- 
tinued attention pertain to techniquca for accur- 
ate, reproducible ewasurcawnt of thruater perform- 
ance such as direct aeaeurament* of thruet end 
determination of the thrust vector. Theee nees- 
ureaents, coupled with the prceent acceptance 
testing procedures, provide the inforaetion re- 
quired for evatustin of the thruater perforaance. 
This information is critical for misaion piennii^. 

Conclusion 

The 30-cm J-scries thruster has been devel- 
oped to a flight-ready atatus. The presently- 
projected lifetiaes of 15,000 hours for the 
thruster* are sufficient for planning missions 
that could be launched in the near future. The 
use of ion thruster* will pensic larger payloads 
to be launched. 

The extrapolation of life tiae froa the 4000- 
hour, 2a-amp beam life test not only indicated 
that the l5,000-hour design goal had been ach- 
ieved, but that the components of the thruster had 
lifetimes in excess of 15,000 hours. CoaiponenC 
(estitm Has also shown that the thruster subassesr- 
blies meet and exceed performance end lifetiae 
requirements. Advanced technology to increase Che 
capabilities of the 30-cm thruster is continuity 
at lewis Research Center. 

Re f erences 

Bechtel, R. T. and James, E. L. , "Preliminary Re- 
sults of the Mission Profile life Test of a 30-C» 
Hg Bombardment Thruster," NASA TM-792bl, 1979. 

"30-Cenl imeter Ion Thrust Subsystem Design Manual," 
NASA TH-791 79, June 1979, 

Byers, D. C., Terdan, Pled F. , and Myers, 1. T,, 
"Primarv Electric Propulsion for Future Space 
Missions," NASA TM-79141, May 1979. 

King, H. J. , "low Voltage 30-Cm Ion Tliruster Devel- 
opment," Hughes Research Labs, Malibu, Cal., NASA 
CR-I34731, Oct . 1974, 

"Space Fliglit with EU>ctric Propulsion," NASA TM 
X-t>b'04, 19t,y. 

Brewer, C. B,, Ion Propulsion , Cordon and Breach, 
New Vot It, 1970, 

Marble, F. E. and Jurugue, J., Physics and Techno l~ 
ovv of Ion Motors, Cordon and Breach, New YorV. 



M«URi V. K. , of Diatwd Ac«*l«rator Crida 

for 30 -Cbi Thruaters," AlAA faper 73-1086, Oct. 
1973. 

Hudion, W. R., "NASA Electric Propulaion Prograa," 
AtAA Paper 78-711. April 1978. 

Stuhlingcr, E. , "Firet Stcpi into Space, 1946-1978," 
Journal of Spacecraft ac^ Rocketa, Vol. 16, 

No. 1, Jan.-Feb. 1979, pp. 3-9. 


Atkina, K. L. and Terwillifer, C., "Ion Dtlee - A 
Step Toward "Star Track"," AIAA Pi|>er 76-IM9 
Nov. 1976, 

Collett, C. , "Thruater Et^urancc Teat," Huthea la- 
aearch Laba. , Nalibu, Cal., NASA Ct-133011, Map 
1976. 


b 



HOT GASES 



Figured -SchtmaUc Of how a 









# OPERATING PRINCIPLES 


O ATOMS 
• IONS 

• firCTAONS 


NtuTRAli/fB 
MAON(T CAtMOOf 



•OLAR 

ARRAY 


ROWER 

CONDITIONER 


OltCKARCE ACCELERATOR 

chaurl;; 


• CONSTRUCTION DETAILS 

Figure 3. - 30-Cm thruster. 



VAGNf ’ 
ANOIM 


Si ne f s tif I THOPf 
Ai CHtBA’ Tn iiir’BOPf 


iSOl ATOM 
I'ATMOPf 

MMOrrUAST MID 


Nf UTMA i in H 


M UTMAU.-J M 
Ml ASVA 


\APOHl.*fH 
SOI ATOM 


Figure 4 • Construction details of 30-cm thruster, 





(a) COMPARISON OF TOTAL IMPULSE • ILLUSTRATIVE, 


ELECTRICAL VS CHEMICAL PROPULSION 



■OLAR-BLBCTRIC CBNTAUR 

IMPULSE 12.8x10^ lb*sec IMPULSE 13. 2x10^ lb-sec 

DRY MASS 1,450 kg DRY MASS I 

PROPELLANT iHg) 2.000 kg PROPELLANTS ♦ 02» 13. 

TOTAL MASS 3.450 kg TOTAL MASS 15. 

(tJl COMPARISON OF TOTAL IMPULSE AND PROPELLANT MASS. 

Figure S. - Performance comparison between chemical rocket and ion thruster. 
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Figure 11. • Ceramic insulator »^ithcut and with shielding. 




